Exchange of strands between homologous DNA molecules is catalyzed by evolutionarily conserved recombinases. These proteins can occur in different quaternary arrangements: rings or helical filaments. Recent results reveal that recombinase function follows from the filamentous form.
conserved feature of the recombinase proteins from different organisms; it is shared by the eukaryotic Rad51 and archaeal RadA recombinases, despite their limited overall amino-acid sequence similarity [5] [6] [7] .
The observed correlation between helical nucleoprotein filament formation of the recombinases and DNA strand exchange activity is not absolute. Notably, the eukaryotic meiosis-specific recombinase Dmc1 [8] , though similar to Rad51 and RecA, was not found to form filaments, though it does promote limited DNA strand exchange [9] . Curiously, Dmc1 forms rings, which bind both single-stranded and double-stranded DNA in stacks, not as helical filaments [10, 11] . A recent X-ray crystallographic study [3] has provided an atomic level structural model of human Dmc1. The protein crystallizes in the absence of DNA and nucleotide cofactor as an octameric ring, as expected from lower resolution structural models from electron microscopy image reconstruction [11] .
Because helical filaments of Dmc1 had not been reported, the ring was assumed to be the functional form. On the basis of this and the atomic-level structure, models of DNA interaction with Dmc1 in a ring configuration were devised to explain the protein's role in DNA recombination [3] . Though largely unsupported, it is not unreasonable to propose that Dmc1 functions mechanistically like a ring-type helicase or DNA pump to produce homologous DNA pairing intermediates.
But a more conventional picture of Dmc1-mediated recombination has also recently emerged. Dmc1 was found to form helical nucleoprotein filaments on singlestranded DNA in the presence of ATP, and to catalyze an active and extensive DNA strand exchange reaction [12] . ATP was found to be required for both helical filament formation and strand exchange activity, and it seems likely that the Dmc1-single-stranded DNA filament is also the catalytically relevant intermediate of this recombinase. However, a functional role for the ring form is not ruled out, and the requirement for hydrolysable ATP remains intriguing.
The recombinases share a highly conserved ATPase motif and are characterized by DNA-stimulated ATPase activity. Both ATP binding and interaction with DNA likely influence the conformation of these proteins in a mechanistically important manner. Atomic level structural models of RecA, RadA, Dmc1 and the ATPase domain of Rad51 show almost identical structure at their nucleotide binding cores [3,4,13,14]. These structures were determined from crystals grown in the absence of DNA and also lacked bound nucleotide cofactors (though the RadA crystals were formed in the presence of ATPγ γS). Dmc1 and RadA both crystallized as rings. RecA crystallized as a filament but with characteristics different from the filaments formed on DNA (see below). Indeed, all of the recombinases can form rings, most often in the absence of DNA and usually also in the absence of nucleotide cofactors [2] . To understand function we should take a careful look at the structural information that allows comparison of protein or filament conformation in the presence and absence of DNA and nucleotide cofactors.
Given that architectural arrangements as filaments and rings are both possible, there must be important differences in subunit interactions that influence the quaternary structure of these recombinase complexes. The subunit interface interactions have been extensively analyzed from the available atomic level structural models of RecA, RadA and Dmc1. This information may be most useful for understanding potential control of conformational changes that require disruption of this interface [3, 4] . Indeed, the different arrangement of subunits in ring and filament forms of the recombinases, as well as some helicase proteins with related ATPase cores, indicates that the interface between subunits in rings and filaments have to be very different [2] .
With the new information on improved DNA strand exchange activity and filament formation by Dmc1, helical nucleoprotein filaments are absolutely correlated with strand exchange activity. Though the DNA gymnastics of strand exchange are cloaked within this structure, they are likely to be accompanied by rearrangements of the proteins with respect to each other and or the DNA in the filament. Changes in nucleoprotein filament structure should provide clues to mechanism of strand exchange. For instance, ATP binding is required for DNA strand exchange by RecA, Rad51 and Dmc1, while hydrolysis of ATP is apparently required only by Dmc1.
Even in the absence of atomic level structural information on active filaments, there is a wealth of information suggesting a variety of quaternary structures for the RecA and Rad51 nucleoprotein filaments. Helical filaments formed on DNA by RecA, RadA and Rad51 all display striking variability, sometimes in different regions of the same filament, in the extension of DNA, the helical pitch of the filament, and the degree of regularity and relative orientation of protein domains, depending on the cofactor bound [5,15-17]. All of this variability indicates conformational flexibility of the recombinase-DNA filaments. This flexibility might be due to changes at the protein subunit interfaces, unstructured or flexible regions of the proteins that allow changes in the relative orientation of domains, or changes in the continuity of the filament by disassociation/re-association of subunits. Intriguingly, when the atomic level monomer structures were docked into the nanometer resolution filament structures, the predicted subunit interfaces were very different from those observed in the crystallized ring forms [15] . Specifically, the nucleotide binding site is positioned at an interface between protomers in the models of active filaments on DNA, and it is not at such an interface in the protein-only crystal structures. This suggests an obvious role for nucleotide cofactor binding and hydrolysis in dynamic subunit interactions and subsequent filament flexibility.
Models can be tantalizing but never as satisfying as actual data. Those with a keen interest in recombinases and recombination need no longer be frustrated, as an atomic level structure of an active recombinase is at long last available [18] . Rad51 from Saccharomyces cerevisiae was crystallized with all the components necessary for a functional filament, single-stranded DNA and ATPγ γS as a nucleotide cofactor. So what does it look like? For starters, the interface between Rad51 protomers is not the same as that observed in crystals of the protein alone. Notably, the nucleotide binding site is now located at the interface between protomers, as had been modeled into active RecA filaments. This arrangement can explain some data obtained with mutant RecA, where an amino acid substitution far from the ATPase site in the RecA structure nevertheless influenced this activity. The equivalent amino acid in Rad51 is in contact with the ATPase site of its neighbor in the filament. In addition, there is asymmetry among the protomers in the active filament structure. The amino-and carboxy-terminal domains of adjacent monomers alternate in their relative orientation. This results in an alternation in the interface ATPase domains, placing an amino acid from the adjacent protomer either within or removed from the nucleotide binding pocket of its neighbor. The asymmetry that is obvious in this filament structure agrees nicely with asymmetry previously proposed for RecA filaments based on enzymology experiments [19] .
Is the mechanism of DNA strand exchange also revealed in the structure of the Rad51 filament? The absence of electron density for DNA in the structure [18] . Even for RecA it seems there is evidence for different stoichiometries [19] . In this respect, the absence of DNA density in the Rad51 crystal may be useful information. One explanation for the unresolved DNA is that it adopts a variety of conformations in the crystal filaments or is actually mobile. Rice and colleagues [18] suggest that different protomers within the filament may bind DNA at different stoichiometries. Interestingly, single molecule dynamic measurements showed that the increase in stiffness of RecA-DNA filaments on double-stranded DNA versus single-stranded DNA was less than expected from adding a second DNA strand [20] . This was interpreted to mean that only one strand of DNA was bound tightly in the protein helix, and that the other one could slide with respect to the protein structure.
There is now a clear correlation between recombinase filament formation and recombination function, as well as new information about the variable protein interface in an active filament that can be used to focus our attention on the activities within, homology recognition and DNA strand exchange. Tantalizing models abound, suggesting new tests and a hard look at old data.
